correction process,‘a they concluded that little would be gained by including surface roughness
effects in routine CZCS processing, but demonstrated that such information may be required for

more sensitive instruments.
Correction of Future Sensors

The next generation ocean color sensors, such as SeaWiFS*?and MODIS*%*! will have a radio-
metric sensitivity that is superior to CZCS. Several effects thus far ignored in the CZCS processing
algorithms, but which must be included in order that the improved radiometric sensitivities can be

fully utilized are listed below.

o The interaction between Rayleigh and aerosol scattering.
o The curvature of the earth.

o The large ¢ extrapolation required.

o The presence of whitecaps on the sea surface.

e The residual polarization sensitivity of the sensor.

These will now be discussed individually.
Interaction Between Rayleigh and Aerosol Scattering

The basic equation of the CZCS atmospheric correction algorithm is Eq. (25), which was
derived from the single scattering approximation. Although L. is computed using the multiple
scattering method (including polarization) described earlier, an error still remains. Basically, even
if L, and L, both include all orders of multiple scattering, i.e., L, is computed using a multiple
scattering code with 7, = 0 and L, computed with 7, = 0, Eq. (25) still does not allow for the
possibility that photons can scatter from both aerosols and air molecules. This is called the Rayleigh-
aerosol interaction, and was first described quantitatively by Deschampes et al.®® To increase the
accuracy of the CZCS algorithm to deal with the more sensitive instruments, it is necessary to

modify Eq. (25) to explicitly include the interaction, i.e.,
Li(A) = Le(A) + La(A) + Lea(A) + Lg(A) + tLu(A), (36)

and to provide a way of computing the interaction, L,q.
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Using the ideas of Gordon and Castafio,® Wang®?and Wang and Gordon®® have developed a
technique for including the Rayleigh-aerosol interaction into the formalism without directly cal-
culating L,.,. Briefly, they found through a large number of radiative transfer simulations that a

linear relationship exists between L, + L, and the single-scattered aerosol radiance, i.e.,
LG(’\) + Lra(A) = I(k) + S(A)LQI(A)v (37)

where L,, is given by Eq. (22) with z = a. These simulations included several aerosol models
(phase functions), several wind speeds (0 to 16.9 m/s), and aerosol optical thicknesses over the
range 7, = 0 to 0.6. The results showed that, in geometries similar to those employed in ocean
color sensing, the values of the “intercept” I and the “slope” S depend strongly on the geometry but
very weakly on the aerosol model and the wind speed. Thus, / and 5 determined from these model
computations should be applicable for use in atmospheric correction. The plan is to use Eq. (37)
to estimate L,, in spectral regions in which L, = 0, e.g., 750 and 865 nm for SeaWiF§ and most
other proposed ocean color sensors, and then to use L,, in place of L, in Eqs. (27) through (31).
This procedure would provide L,, in the blue and green regions of the spectrum from L, in the

red and NIR. Equation (37) would then yield L4(A)+ L-5(A) at the short wavelengths, from which
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Figure 19. Simulated error in the new atmo- Figure 20. Simulated error in the new atmo-
spheric correction algorithm at the CZCS scan spheric correction algorithm at the CZCS scan
edge as a function of 8o. The wind speed has edge as a function of 5. The wind speed has
been assumed to be unknown and W = 0 used in been assumed to be known and the correct value
the computation of L,. is used in the computation of L,, I, and S.

Eq. (36) can be solved for L, in the absence of Ly. Since I and § depend weakly on the surface

roughness, knowledge of the wind speed improves the accuracy of the algorithm.

This scheme has been tested for an ocean color instrument, with the CZCS band set, observing

clear water, i.e., it is assumed that L,,(}) is given for A;, A3, and A4 and that we want to retrieve
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Lu()\;). An example of the resulting error for a relatively turbid atmosphere is provided in Figure
19 in which Apy = AL, /Fycosfy is the error in the retrieved water-leaving reflectance. The
aerosol is assumed to be nonabsorbing, to have a scattering coefficient that is independent of A,
and to have a scattering phase function that is approximately the average of HMF7 and HMF9.
The wind speed W has been assumed to be unknown, so W = 0 has been used in the computation
of L,. For reference, 1 DC at Gain 1 (see Appendix) for CZCS would correspond to a reflectance
of 0.00076 at 8, = 0 and 0.00153 at 6y = 60°. Thus, in this example, the error in L, (A;) would
usually be less than 1 CZCS DC even though the surface roughness is ignored. Figure 20 shows
the improvement that results when the correct wind speed is used in the algorithm. Wang and
Gordon's®® analysis suggests that this procedure can provide an atmospheric correction that is

nearly an order of magnitude more accurate than the standard CZCS algorithm.
The Large ¢ Extrapolation

Following the scheme proposed above for the new ocean color sensors, the quantities determined
from the NIR bands are ¢(750,865) and ¢(865,865) in Eq. (28). These must be extrapolated into
the visible to obtain €(A,865), where A can be as small as 410 nm. Thus, it will be necessary to
understand the manner in which ¢ values determined in the NIR relate to those in the visible. This
question is being studied now, within the limits imposed by the nonspherical nature of the aerosol,

using Mie theory models of aerosol scattering.
The Effect of Earth Curvature

All atmospheric corrections algorithms developed thus far ignore the curvature of the earth,
i.e., the plane parallel atmosphere (PPA) approximation has always been used in the radiative
transfer simulations for ocean remote sensing. However, at the level of accuracy required to use
the full sensitivity of new instruments, it may be necessary to take the curvature of the earth
into account,’! particularly at large sun angles. For example, Figure 21 shows the error in L,
caused by the assumption of a plane parallel atmosphere at the scan center and the scan edge
of a sensor like SeaWiF$ (Gordon and Ding, unpublished). For 6 < 60° the error is < 1% and
can be ignored for CZCS and possibly SeaWiF$S; however, for larger 6o, e.g., high latitudes, the
error becomes excessive. Computations by Adams and Kattawar,** suggest that nearly all of the

difference between the PPA approximation and the true spherical shell atmosphere (SSA) is in the

first scattering, i.e., the fraction of the radiance due to multiple scattering is approximately the
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same for the PPA and SSA. An effort is now under way at the University of Miami to use this to
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Figure 21. Error in L, computed under the plane parallel
assumption for the atmosphere.

provide a first order correction for the effects of earth curvature.
Whitecaps

Gordon and Jacobs®® have presented computations s’uggesting that sea foam (whitecaps) could
significantly increase the flux leaving the top of the atmosphere over the oceans. This added
radiance, must be considered in the radiance budget at the sensor. The effect of whitecaps can
be estimated®® by combining Koepke’s®” determinations of the surface reflectance increase due to
whitecaps as a function of the wind speed, with extrapolations into the blue green region of the
spectrum of laboratory measurements of the foam reflectance spectrum in the red and NIR made by
Whitlock et al.*® The result is provided in Figure 22. The figure gives the contribution of whitecaps
to the radiance at the top of the atmosphere for the four CZCS bands. The radiance is in CZCS Gain
1 digital counts (See Appendix). It is seen that even wind speeds below mean values, which only
rarely reach 7-8 m/s,* ! whitecaps increase the radiance in the CZCS red band by a measurable
amount. This increase is ignored in CZCS processing. With higher radiometric sensitivity and with
spectral bands in the NIR, whitecaps will influence L, for new sensors at even lower wind speeds.
The increased radiance will be interpreted as aerosol by the atmospheric correction algorithm

yielding incorrect water-leaving radiances. If ignored, the expected improvement over CZCS due

to the presence of the NIR “atmospheric correction” bands will be degraded. It is possible to
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develop a whitecap removal algorithm based on our present knowledge, i.e., given the wind speed,
the whitecap reflectance could be estimated in a manner similar to that used to prepare Figure
22 and removed from L, before atmospheric correction. However, the present analysis ignores the
sea surface temperature, which Bortkovskii®? reports can significantly influence the foam coverage

of the sea surface. Thus, it is believed that for an accurate assessment and removal of whitecap
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Figure 22. Increase in L, in CZCS digital counts resulting
from whitecaps on the sea surface. Curves from bottom to
top correspond to CZCS Bands 1-4, respectively.

effects, more experimental measurements are needed. The issues that must be addressed to deal
with whitecaps are as follows: first, the relationship between whitecap coverage, wind speed, and
sea surface temperature is not well understood and needs to be; next, the spectral reflectance of
individual whitecaps has never been measured in the field (nor in the laboratory in the blue and
green regions of the spectrum) and should be; and finally, the increase in surface reflectance due
to whitecaps has not been measured directly, it has been deduced from the individual whitecap
reflectance and the fraction of the surface covered, e.g., Figure 22. For the purposes of remote
sensing, field measurements of the actual increase in the average reflectance, over areas with sizes
of the order of a km, as a function of variables that can be measured from space or deduced from
numerical models, e.g., wind speed and sea surface temperature, would provide the most direct way

of developing the necessary removal algorithm.

Residual Instrument Polarization Sensitivity

33



The typical specification — that the polarization sensitivity of ocean color sensors should be
less than 2% — is based on the requirement that the unknown polarization of L, induced by the
aerosols can be corrected using aerosol models.®® This implies the processing will still be required
to remove the the residual polarization effects. We have developed a formalism®3which provides

the framework for such processing.
Summary

In this paper I have tried to provide a more or less self-contained discussion on the optical prop-
erties of the atmosphere and radiative transfer theory to provide the reader with an understanding
of atmospheric correction of satellite ocean color remote sensing data. The absorption properties
of the optically important gases (H,O, O3, and O3) in the atmosphere have been presented in the
form of spectral transmittance curves. The scattering properties of the aerosol have been described
with examples taken from Mie scattering theory applied to aerosol models. The development of
the CZCS algorithm has been described in detail starting from the single scattering solution of
the radiative transfer theory. A critical evaluation of the model is then carried out and efforts to
circumvent the difficulties specific to the CZCS band set are presented. Processes ignored in the
original algorithm but included in later versions, e.g., multiple scattering, polarization, and varia-
tions in the O concentration and the surface atmospheric pressure, are briefly examined. Finally,
the question of atmospheric correction of future, more sensitive, ocean color sensors, such as Sea-
WIFS, is considered. An improved correction algorithm is proposed and the remaining problems,

along with suggested approaches for solving them, are described.
Appendix: CZCS Radiometry

The CZCS data was digitized to 8-bits on board the satellite and relayed to the ground in
digital form. The sensor sensitivity was adjustable to four levels (Gains). The approximate radiance

increment corresponding to a change in the output of one digital count (DC) is presented in Table
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A1.%4%5 Under ideal operation the sensitivity would vary along the orbit to account for the decrease

Table A1: Radiance (DC) in mW/cm?um Ster corresponding
to one digital count for the four CZCS sensitivities.

Band A DC

(nm) | Gain 1| Gain 2 | Gain 3 | Gain 4
433-453 | 0.045 | 0.036 0.030 0.021
510-530 | 0.031 | 0.025 0.020 0.015
540-560 | 0.025 | 0.020 0.016 0.012
660-680 | 0.011 | 0.0090 | 0.0074 | 0.0053

o W N -

of incident solar irradiance with latitude away from the solar equator. In practice, most data were
acquired at Gains 1 and 2. At typical signal levels the signal-to-noise ratio is above 150 for all bands
with the exception of Band 4, for which the measured value was 118. The data provided in the
table was applicable at launch (October 1978). The sensitivity of the CZCS degraded in orbit from
the values presented above. This degradation has been described by Gordon et al. %6 Mueller 7
Hovis et al.,®® and Gordon and Evans.®® It amounts to as much as a 40% drop in sensitivity during
the eight years of operation. The author believes that this variation in sensitivity with time on
both short and long time scales accounts for much of the difficulties and inconsistencies encountered
with CZCS data. For SeaWiF$, the long-term and short-term variability of the sensitivity will be

accurately monitored by viewing the moon and an internal reflectance standard, respectively.

The CZCS was designed to be insensitive to the polarization state of the incident radiance, i.e.,
if the incident radiance was 100% linearly polarized and the direction of polarization was rotated

through 180°, the output was supposed to vary less than about 2%.
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